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Figure 3. Map of seismic stations in the Katmai area. Green squares represent & / 7
stations; green circles are AVO/UWM temporary stations. Red triangles are volca. < il
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Figure 2. Composite satellite image of the Katmai National Park and Preserve region.
Modified image courtesy of Steve Smith and AVO/University of Alaska Fairbanks,
Geophysical Institute.

cross-correlation analysis brings out those waves that
happen to pass by both stations. An example is shown in
Figure 5, where the ambient noise “seismograms” (known
technically as Green’s functions) for the Katmai area
are lined up according to the distance between the two
stations. The second step is the estimation of the velocity
of the surface wave, which as noted above is a function
of the frequency of the wave (a phenomenon known
as dispersion), for all pairs of stations. The dispersion
behavior is most sensitive to the S-wave velocity structure.
“or the third and final step, the dispersion results for

1l station pairs are used to construct the image of

he S-wave velocity structure in three dimensions.

Images of the Seismic Velocity Structure

Figures 6 and 7 display slices through the three-
dimensional models of the body-wave P and ambient
noise S velocity models, respectively. Warm colors
represent areas of the models with relatively low seismic
wave velocity, and conversely cold colors represent
areas with relatively high seismic wave velocity. We
note that seismic wave velocity normally increases
with depth (mainly due to the effects of increasing
pressure), so areas that are anomalous can be identi-
fied by deviations from this general pattern.

There are several key features that we interpret in
the P-wave (body-wave) model (Figure 6). One is the
very low velocity at 2 km depth in the Katmai Pass

area, between Mageik and Novarupta/Tr:
al. (2007) found very low seismic velocit
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Climate Change in Alaska’s National Parks

By Robert Winfree

Five years ago, during International Polar Year, we de-
voted an entire issue of Alaska Park Science to evidence of
climate change in Alaska’s national parks (NPS 2007). Al-
though that became one of our most popular and award-
winning issues, the environment for discussing climate
change was mixed when we started work. That changed
quickly with release of the Intergovernmental Panel on
Climate Change’s highly influential 4th Assessment (IPCC
2007) and with formation of a Climate Change Task Force
in the Department of Interior (DOI). Within the next few
years, two DOI secretarial orders on climate change had
been issued (DOI 2009, 2010), the National Park Service
(NPS) had established a Climate Change Response
Program, and NPS had released climate change response
strategies for the National Park System as a whole (NPS
2010a) and focused on the Alaska Region (NPS 2010b).

At the same time, readers were asking for more articles
about climate change in Alaska Park Science, and we
responded with a diverse set of articles on monitoring
change (NPS 2010c), zooarchaeology (Etnier and Schaaf
2012), traditional knowledge (Krupnik 2009), visitors’
perceptions (Brownlee and Halo 2011), wildland fire (Loya
etal. 2011), wildlife (Joly and Klein 2011), and scenario
planning (Winfree et al. 2011), to name a few. Today, we
take pause again to reflect on climate change in even more
depth, providing information about innovative approach-
es to ecosystem monitoring and research, vulnerabilities
and impact assessments, modeling and predicting future
change, and planning for and communicating change.

In this issue, authors Carny and Wesser, Gray
et al,, and DeGange et al. report on state-of-the-art
landscape-scale approaches to ecosystem monitor-
ing, research, and modeling that could scarcely be
envisioned a few years ago. Roland shares evidence

of landscape-level change from historical repeat
photography at Denali, and Elias describes how fos-
silized Beringian insect remains can reveal vegetation
changes over thousands of years into the past.

Swanson provides an overview of dramatic changes
that are becoming increasingly apparent as permafrost
thaw expands further into arctic landscapes. Loso et
al. report on glacier change detection from a high-level
regional perspective, and Young reports on her detailed
investigation on one glacier. Glaciers are frozen reservoirs
that release fresh water as they melt, so when glaciers
change it can also mean changes to seasonal water
supplies. Milner’s long term ecological research shows
how differences in stream flow also affect stream life.

It is vitally important for people to understand
that climate change is not just an academic issue for
scientists and natural, cultural, and scenic resource
managers. Geertsema and Callaway explain how
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“front line” impacts of climate change can be dramatic,
life-changing, and sometimes life-threatening for people
who work, live, and travel in the midst of such changes.
But how should parks respond to the challenges of
climate change? Over the last few years, and with support
from the NPS Climate Change Response Program and
others, Winfree et al. organized climate change scenario
planning workshops for parks, partners, and com-
munities across Alaska. In this issue they summarize the
information needs and management actions identified by
hundreds of participants, with full reports posted on the
project website (http://www.nps.gov/akso/nature/climate/

scenario.cfm). Rice et al. describe how forward-looking
NPS planners can assess and mitigate impacts to existing
assets, while developing new approaches for factoring
climate change uncertainties into future planning.
Morris et al. describes climate change interpretive and
educational initiatives by NPS and partners, and Conners
reports on a multi-faceted hands-on approach to climate
change education, where high school students combined
traditional knowledge, historical accounts, and boots-in-
the-mud fieldwork to discover how Glacier Bay’s environ-
ment, resources, and people have changed over multiple
time frames—Ilessons they will remember for a lifetime.
It is very clear that climate change is a fast-changing
field of study. For anyone with more than a passing
familiarity with Alaska, it's also clear that major changes
to ice, sea level, flora, and fauna have occurred here
for thousands of years. What's different now is that the
changes are happening faster—fast enough for people to
sense and recognize. The myriad ways in which climate
change is affecting our lives, environment, resources,
and the places we care about, will be incompletely
understood for long into the future—but waiting for
complete certainty before responding is unlikely to be a
viable solution. The activities described in this issue, and
others like them, bring us closer to the goals outlined
in the NPS Alaska Region’s five-year climate change
response strategy (NPS 2010b). We hope this issue of
Alaska Park Science provides new insights about what

climate change means for Alaska’s national parks, and
sparks discussion about how the National Park Service
and its partners are responding to the challenge.
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Monitoring the Vital Signs of Alaska’s National Parks

By Brooke Carney and Sara Wesser

By design, the National Park Service’s Inventory and
Monitoring (I & M) program identifies key resources
in national park units, called vital signs, then sets out to
document and track the condition of those resources
using rigorous protocols (Fancy et al. 2009). In addition,
important drivers of changes in resource condition,
including climate change, are incorporated into the
monitoring either by direct monitoring (e.g. weather)
or by monitoring resources impacted by the drivers
in question. In recent years, established monitoring
programs have reached a point of delivering results and
trends. In addition, supplemental funding has enabled
| & M to oversee several studies aimed at assessing the
current and potential impacts of climate change.

Figure 1. NPS biologists record data as part of the Central
Alaska Network’s long-term vegetation monitoring program
in Denali. Their work was summarized and published in the
February 2013 edition of Ecological Monographs.

Figure 2. (map, top) Variation in average growing season
length across southwest Alaska, as inferred from MODIS
NDVI data collected between 2000 and 2011. Legend shows
approximate growing season length in days. In Katmai,

the growing season is shortest at higher elevations and
longest in the lowlands surrounding the Naknek and
Alaganak Rivers.

Figure 3. (map, bottom) Partners at UAF are using NPS
inventory and climate data to model future permafrost
coverage for all Alaska parks. This map shows Wrangell-St.
Elias National Park and Preserve for the time period 2051-
2060. Cooler colors represent cooler ground temperatures.

Established Monitoring Programs—
Delivering on the Promise
In the early years of the | & M program, focus was
placed on the selection of key resources (vital signs) and
on designing monitoring programs to track the status of
the selected vital signs. Established monitoring programs
are now starting to deliver results on the condition
of vital signs, and in the process, they are not only
telling us the story of these resources, but how climate
change may be affecting parks, now and in the future.
Recent studies suggest that climate warming in
interior Alaska may result in major shifts from spruce-
dominated forests to broadleaf-dominated forests or
even grasslands. To quantify patterns in tree distribution
and abundance and to investigate the potential for
changes in forest dynamics through time, the Central
Alaska Network initiated a spatially extensive vegetation
monitoring program covering 3.2 million acres (1.28
million ha) in Denali National Park and Preserve. In
early 2013, Carl Roland, Fleur Nicklen, and Josh Schmidt
published an article in the prestigious journal Ecological
Monographs describing the landscape patterns they
observed during the decade-long study (2001-2010). In
contrast to some previous studies, the authors report
that white spruce (Picea glauca) may respond favorably
to warming conditions by increasing in abundance and
distribution by expanding into newly thawed terrain.
In addition, this study reports no current evidence for
a large-scale shift from spruce to broadleaf forests in
the lowlands of Denali National Park, where coniferous
forests still dominate the landscape (Roland et al. 2013).
Vegetation monitoring was established in Denali

Alaska Park Science, Volume 12, Issue 2

in the mid-1990s. In 2001, the new study design was
implemented across a large area in the northern portion
of the park as part of the Central Alaska Network’s
monitoring efforts (MacCluskie et al. 2005). The tree
data presented in the 2013 article present one facet

of the vegetation monitoring program data, whose
overall goal is to establish a robust, statistically rigorous
baseline for important aspects of vegetation structure
and composition at a landscape scale that will allow us
to detect changes in these attributes over time. In 2013
and 2014, sampling efforts using the same protocol will
be focused in Yukon-Charley Rivers National Preserve.

Tracking Growing and Winter Season Processes
Globally, leaf-out and flowering dates are occurring

earlier in the spring, and fall colors are turning later.

Across Alaska, the | & M Program is using MODIS

satellite data to track variation in growing season length

(Normalized Difference Vegetation Index, or NDVI)

as well as snow cover metrics. As NDVI—an indicator

of vegetation productivity—increases in the spring
and declines in the fall, it provides an approximation
of when the growing season starts and ends.

To date, data for NDVI has been analyzed for
ten-year periods in the Southwest Alaska and Arctic
Networks. While no strong trends of change have been
detected in southwest Alaska for 2001-2010, NDVI
values for late June steadily increased from 1990-2009
in the Arctic Network. This shift reflects an increase in
plant biomass which is likely due to warming (Swanson
2010). This initial data serves as a baseline dataset and
positions the | & M program to track and identify future

_________________________________________________________________________________________________________________________________________[¢



Monitoring the Vital Signs of Alaska’s National Parks

Figure 4. Cameras like this
one in Lake Clark National
Park and Preserve are set
up on climate stations
throughout the state.
Photos captured by the
“phenocams” supplement
phenology and climate
data collected by other
means.

changes in growing and winter season processes.

In addition to accomplishing the goals of the
monitoring programs, this effort is now leading to
new collaborations as scientists and agencies seek
out the data made available by the efforts of NPS and
Geographic Information Network of Alaska (GINA).
The | & M program led and funded the effort to obtain
data for NDVI and snow metrics, and as a result of
their efforts, data for all of Alaska is now publicly
available for the 2001-2011 period via the GINA.

Responses to Warming in Katmai and Lake Clark
Regional warming over the last several decades is

thought to have contributed to widespread mortality
in spruce forests of southwest Alaska, but also to often-
enhanced growth in trees at the western forest-tundra

ecotone (Beck et al. 2011). As part of the vegetation
composition and structure vital sign monitoring
program in the Southwest Alaska Network, NPS staff
and collaborators at Humboldt State University are
using tree-ring and plot-level data to better understand
stand tree growth-climate interactions in white

spruce woodlands. Forest monitoring plots located

in low-elevation, open spruce stands are arrayed
across a 300-km north-south transect that spans Lake
Clark and Katmai National Parks and Preserves.

All trees analyzed to date have shown increased
growth in the last 10-30 years. Trees in the northernmost
sites show the earliest response to warming with
increases in growth appearing a decade or more ahead
of trees in plots at the southern end of the transect.

The positive growth of white spruce in response to

warming in this area contrasts with the decreases in
growth often seen in drought-stressed trees in interior
Alaska. While the project is ongoing, field work on tree
growth responses concluded in 2013. Final analysis,
including comparisons of growth patterns to climate
data, is scheduled for completion in early 2014.

Enhanced Monitoring Efforts Assess
Impacts of Climate Change

In 2010, the National Park Service adopted the
Climate Change Response Strategy. The strategy lists
science as one of the four platforms by which NPS will
respond to climate change, and under that platform it
states that NPS will “inventory and monitor key attributes
of the natural systems... likely to be affected by climate
change!” Using funds associated with the adoption of
the Strategy, the Alaska | & M program funded four
initiatives addressing information needs for several
existing vital signs. These initiatives have enhanced
existing efforts and position the | & M Program to assess
future changes using the newly obtained baseline data.

Glaciers in Alaska’s National Parks
It's no secret that the iconic glaciers of Alaska are

vulnerable to climate change. However, until now no
comprehensive inventory of the status and trends of all
glaciers in Alaska’s national parks has been conducted.
The glacier inventory, a three-year project by partners
at the University of Alaska Fairbanks and Alaska
Pacific University, is nearing completion. Detailed
surface elevation profiles and extent maps have been
developed for all glaciers. For those with multiple
data sets, changes in extent have been quantified. In
addition, estimates of change in total volume have been
made for some glaciers (Arendt et al. 2012). Progress
reports are currently available via IRMA (Integrated
Resources Management Applications Data Store).

By the close of 2013, a final report as well as an
additional interpretive report of 20 focus glaciers will also
be available (see Loso in this issue). Data from this project
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will become part of a global glacier inventory housed
and distributed by Global Land Ice Measurements

from Space (GLIIMS). Investigators working on the

NPS glacier project developed the data sharing model
that has now been adopted by GLIMS and applied to
the broader global inventory of glaciers. This extensive
dataset not only tells us how the glaciers have changed
over the last fifty years or so, but also positions us with
the information needed to track future changes.

Permafrost in Central Alaska

Roughly 80% of Alaska is underlain by permafrost—
ground that is permanently frozen. As the climate warms,
permafrost is expected to melt. As it melts, it will change
the landscape. To gain a more complete understanding of
current permafrost conditions in Alaska’s national parks
and to predict future conditions, several projects were

initiated with enhanced climate change monitoring funds.

The first project, conducted by partners at the
University of Alaska Fairbanks, uses existing NPS soils
and landcover inventory data as well as NPS weather
data as inputs to develop maps of current permafrost
conditions and to model future conditions in all parks
(Romanovsky et al. 2012). This project will produce maps
of current and likely future permafrost conditions for all
parks in the Arctic and Central Alaska Networks. Phase
one of this project is scheduled for completion in 2014.

To expand upon the work previously done in the
Arctic Network parks, two additional projects were
funded in Yukon-Charley Rivers and Wrangell-St. Elias.
Permafrost related features were inventoried and mapped
in specific areas within the park units (Wells 2013a and
2013b). The projects in Yukon-Charley and Wrangell-St.
Elias both focus on areas of importance to the parks
and will serve as management tools for future action.

Monitoring Phenology on the Ground
To supplement and ground truth the MODIS satellite
data being used to track seasonal processes, several time-

lapse cameras were purchased with enhanced climate

I 1 1

change monitoring funds. While satellite imagery provides
information on a landscape-scale, the cameras provide
more localized information, showing additional details
such as breaks in snow cover during a winter season.

The cameras are mounted to existing climate monitoring
stations in Katmai, Lake Clark, and Kenai Fjords National
Parks. Six additional cameras are mounted to climate
stations in the Central Alaska and Arctic Network. Several
images are captured daily from early spring to late fall.
The daily images from cameras are then analyzed to
estimate the timing of green-up (start of the growing
season) and leaf-fall (end of the growing season) at each
site. Imagery collected by the cameras is shared with

the National Phenocam Network. The images from the
time-lapse cameras in southwest Alaska align with the
satellite imagery confirming the validity of remote sensing
techniques for detecting green up at large spatial scales.

Conclusion

One of the core purposes of the Inventory and
Monitoring Program is to track the status and trends
in the condition of natural resources in our national
parks. In Alaska, the | & M program is transitioning from
design and data collection to a phase that also includes
delivery of results. Knowing the status and trends in the
condition of natural resources serves as the foundation
from which management decisions are made and the
public is informed. As the impacts of climate change
become more visible and recordable, this foundation
of knowledge becomes increasingly important.
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Introduction

By any measure, climate change promises to bring
major impacts to parks and preserves in the Alaska region.
We know with great certainty that temperatures will
continue to increase in coming decades, and warming will
undoubtedly be accompanied by some combination of
altered precipitation regimes, changes in seasonal weather
patterns, and shifting extremes (IPCC 2007). However,
one of the greatest challenges for park managers and
planners is in connecting these climate drivers to the
actual resources they must manage and protect. At the
end of the day, climate projections suggesting ranges
of temperature increase or upper and lower bounds
on variables like seasonal precipitation have limited
practical value for shaping policy and guiding investment.
In-and-of themselves climate projections offer little
actionable information. Climate projections only take on
meaning in the context of park adaptation management
and planning when they can be linked to impacts on the
resources, services, and amenities these lands provide.

Figure 1.
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Fortunately, we have a growing set of tools to help
us address the challenge of linking changes in climate
to the physical, ecological, and cultural systems that
make up our parks and preserves. We can, for example,
rely more and more on observed links between park
resources, climate variability, and climate change gleaned
from field observations. Efforts such as the US National
Park Service’s (NPS) Inventory and Monitoring program
are particularly valuable in this sense (http:/science.
nature.nps.gov/im). Likewise the NPS' use of Scenario
Planning (Weeks et al. 2011) is helping park managers
and stakeholders envision the potential range of future
climate change impacts, while also providing a platform
for exploring adaptation and mitigation options.

Here we describe another approach centered on the
use of modeling to connect climate-change drivers to tan-
gible on-the-ground impacts in parks. At the most basic
level, the Integrated Ecosystem Model (IEM) for Alaska
and Northwestern Canada ingests climate scenarios
(historical or projected future) and, in turn, uses tightly
interconnected simulations of key physical and ecological
processes to produce estimates of future landscape
response. The IEM is focused on producing spatially-
explicit (e.g., map-based) outputs that can serve as stand-
alone decision support tools. This effort is also designed
to produce information that can be integrated into many
of the tools used by resource managers and planners.
Such process-based simulations are of vital importance
because they offer us the ability to explore novel climate-
ecosystem-resource interactions and potential events that
may be outside the bounds of available observations.

The IEM domain covers most of Alaska, the Yukon
Territory, and portions of northern British Columbia
(Figure 2). This domain was originally chosen to coincide

with the Arctic, Western Alaska, and Northwest Boreal
Landscape Conservation Cooperatives (http://alaska.
fws.gov/lcc), and the northern portion of the North
Pacific LCC. The domain is also governed by practical
concerns. For instance, portions of the Northwest Boreal
LCCin the Mackenzie and Selwyn Mountains area

are not included in the domain due to a lack of critical
climate data. Similarly the Aleutian and Bering Sea Islands
are also not included because the heavily maritime-
influenced processes at work in these areas are not well
represented by the IEM. Just as this general modeling
approach allows us to consider climate-ecosystem
scenarios beyond those captured in the observational
record, this large, cross-border domain is intended

to help us understand cross-boundary processes.

Building an Integrated Ecosystem Model

Three models that depict different components
of high latitude landscapes provide the basic building
blocks of the IEM. Collectively these individual models
have been used in hundreds of ecosystem impact stud-
ies. All three have a long track record of applications
in Alaska and northwest Canada, including previous
work in the context of parks and preserves (e.g., Loya
et al. 2011). However, this new IEM effort represents
the first time these tools have been brought together
in a coupled fashion, thereby allowing us to more fully
understand feedbacks and interactions between the many
interconnected elements of high-latitude landscapes.
It is also worth noting that all three of these building
blocks emphasize spatial patterns in ecosystem vari-
ability and change, as will results from the full IEM.

The Alaska Frame-Based Ecosystem Code (AL-
FRESCO) is being used to simulate vegetation dynamics
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Figure 2. The geographic domain for the Integrated Ecosystem Model. The IEM effort encom-
passes numerous parks and preserves (shown in green) in Alaska and northwest Canada. Map
courtesy of the Scenarios Network for Alaska and Arctic Planning (SNAP).

Figure 3. Preliminary output from the ALFRESCO component of the IEM showing areas in north-
western Alaska where tundra may transition to spruce forest (shown in yellow) by 2100. The
model was driven by air temperature and precipitation from a single climate model (CCMA) with
forced under the A1B emissions scenario (IPCC 2007). However, full IEM model runs will consider
projections from multiple climate models run under various emissions scenarios.

including establishment, succession, and migration (Fig-
ure 3), along with disturbance processes such as wildland
fire and insect outbreaks (Rupp et al. 2007). ALFRESCO
was originally designed to model the dominant landscape-
scale processes in boreal forest ecosystems, and it has
been successfully applied in National Park Service units
from Interior Alaska including Denali National Park and
Preserve, Yukon-Charley Rivers National Preserve, and
Wrangell-St. Elias National Park and Preserve. Mean-
while, recent updates have greatly enhanced its utility for
understanding changes in shrub and tundra ecosystems.
More specifically, the latest ALFRESCO development

work has focused on the ability to capture potential

14|

transitions between conifer and broadleaf dominated
vegetation types, and to track shifts in both latitudinal
and altitudinal treeline. Likewise, work on ALFRESCO is
also moving towards improved depictions of the domi-
nant ecosystem types found in Southeast Alaska, and in
particular the coastal temperate rainforest. The applica-
tion of ALFRESCO to Southeast Alaska is especially im-
portant and exciting as it will give us a chance to explore
processes and potential climate-vegetation interactions
with little or no historical precedent. For example, some
climate-change projections suggest the possibility of
emerging drought impacts in Southeast Alaska. If that
were the case, drought conditions could also introduce

the chance for fire and novel pest outbreaks. Because we
have no observed analogs for these types of situations in
southeast Alaska, it is vitally important that we be able to
simulate related dynamics within the context of the IEM.
The second basic component of the IEM is the
Terrestrial Ecosystem Model (TEM; Yi et al. 2010). TEM
is used to describe fundamental terrestrial ecosystem
processes, while also giving us insights into related
hydrologic variability. In short, TEM simulates the
movement of carbon, nitrogen, and water through plants
and soils based on inputs including climate, vegetation
type, elevation, solar radiation, and substrate. TEM has
been widely used to understand how different scenarios



for climate variability and climate change might affect
net primary productivity and other critical ecosystem
characteristics at regional to global scales. In the case of
the IEM project, however, special attention is being given
to the ability of TEM to portray changes in the quantity
and quality of forage available for ungulate consumption.
Moreover, the IEM team is looking at multiple ways to

improve the representation of hydrology at high latitudes.

As one example, the IEM team has formed a working
group focused exclusively on the modeling of wetland
and thermokarst dynamics via TEM. At the same time,
members of this wetland-thermokarst group are conduct-
ing field experiments and collecting real-world observa-
tions to feed into these simulations. Similarly, [EM team
members have begun preliminary work to better account
for the contributions of glaciers and snowmelt to regional

hydrology in southeast and southcentral Alaska. Overall,
the resulting spatially-explicit representations of plant
productivity, plant community types, nutrient fluxes, and
water availability will be critical for resource managers as
they seek to understand the impacts of climate change on
parks, preserves, and other large natural areas. In addi-
tion, once fully coupled with the other components of the
IEM, output from the TEM-based simulations will give us

a unique look at how large parks and preserves can serve
as sources or sinks of carbon, and thus help us better ap-

preciate the significance of these lands in a global context.

Lastly, the Geophysical Institute Permafrost Lab
(GIPL; Jafarov et al. 2012) model is being used to simulate
permafrost dynamics in the Arctic and sub-Arctic
ecosystems of Alaska and northwest Canada (Figure 4). In
essence the GIPL model simulates changes in the ground

2000-09

Alaska Yukon River Basin

Mean Annual Ground Temperature (°C)
GIPL-1 Output, Decadal Average
CCCMA Model, A1B Emission Scenario

2040-49

2090-99

Figure 4. Preliminary output from the GIPL permafrost module of the [EM showing the simulated
distribution of near-surface permafrost as indicated by mean annual ground temperatures at 1
m depth (blues — temperature < 0° C and red - temperature > 0° C) in the Alaska portion of the
Yukon River Drainage Basin for the decades 2000-2009, 2040-2049, and 2090-2099.
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thermal regime as driven by inputs of climate, vegetation,
soils, topography, and geology. Snow distribution and
the role of snow as a ground insulator are also major
players in GIPL. As heat moves through the simulated
ground layers, water freezes and thaws, and GIPL thus
yields spatially-explicit information on permafrost extent,
ground temperatures, active layer thickness, and freeze/
thaw regimes over time. While the IEM team anticipates
that related outputs will be of interest in areas currently
underlain by more-or-less continuous permafrost, the
most significant results for parks and resource manage-
ment are likely to come from areas that now feature
discontinuous permafrost. Because changes in permafrost
can trigger substantive changes in hydrology, further
development of the GIPL module is proceeding in close
cooperation with the wetlands and thermokarst group

Decadal (2001-10) Average Ground Temperature Map
Wrangell-St. Elias National Park and Preserve

[ Near-surface permafrost loss
between 2001 and 2050
Il Permanent ice and snow

DAGT 2001-10 (C)
Below -8
B -s--5

Above 3

Figure 5. Preliminary output from the GIPL module of the IEM running in high resolution
(30m x 30m) mode. The map shows decadal average ground temperatures during the
period 2001-10 for Wrangell-St. Elias National Park and Preserve overlain with areas
susceptible to active near-surface permafrost thawing (shown in pink) by 2051-60.
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mentioned earlier. Special attention is also being given to
the relationship between permafrost change, lakes, and
rivers. Late 2013 should also see the start of major efforts
aimed at understanding how climate change and associat-
ed permafrost dynamics might impact infrastructure and
access to resources in parks and preserves (e.g., Figure 5).

Progress to Date

While the IEM is still in its developmental phases,
much has been accomplished. The project began in
earnest during 2010-2011 with a pilot exercise focused on
the Alaska portion of the Yukon River Basin. The central
feature of this exercise was a proof-of-concept model
run linking ALFRESCO, TEM, and GIPL in a simple,
linear fashion where the component models com-
municated sequentially. This pilot work was especially
helpful for evaluating the degree to which feedbacks
between forest types and fire regime might alter organic
soils and permafrost under climate warming (Rupp

et al. 2012). Likewise it also pointed out the need to
better model certain elements of wetland hydrology.

More recent accomplishments include the final
compilation of downscaled climate datasets (historical
and future projections) for use in driving the IEM. Simi-
larly, biophysical parameters have now been developed
for the entire project domain. Of particular note, these
input variables include a newly developed 820 ft (250 m)
resolution vegetation map based on the North America
Land Change Monitoring System model (CEC 2010).

The individual ALFRESCO, TEM, and GIPL models
have been “cyclically” coupled over the past year. In
short, this involves assembling all of the models on a
common computer platform, and then allowing them
to communicate at regular time intervals. In a technical
sense the current mode of operation is something just
shy of the fully-coupled, dynamic framework envisioned
for the [EM. However, this still represents an enormous
accomplishment in terms of computer programming and

Example Data Products from the Integrated Ecosystem Model

Historical and projected Spatial
average monthly temperature,
precipitation, radiation,

and vapor pressure

Treeline extent Spatial

Potential vegetation
distribution

Spatial; Tables/graphs

Area burned and burn severity Spatial; Tables/graphs

Potential susceptibility to Spatial

thermokarst formation

Carbon fluxes and pools Spatial; Text; Tables/graphs

vapor pressure from multiple sources.

vegetation types through time.

pools in soil and vegetation.

Downscaled historical grid-based products and downscaled projections of monthly temperature, precipitation, radiation, and

Maps depicting projected treeline change under selected climate scenarios.

Modeled distribution of dominant vegetation types (e.g., black spruce or shrub tundra). Graphs showing changes in area of

Maps and graphs that depict simulations of area burned and burn severity under selected climate scenarios.
Results of model runs used to identify areas susceptible to thermokarst disturbance. Datasets may include fractional coverage
of thermokarst/wetland landforms, distance from surface to ice rich permafrost, amount of ice in the soil column, drainage

efficiency (parameter that describes the ability of the landscape to store water), and soil water content.

Model output related to carbon fluxes (GPP, Net Primary Productivity, decomposition, carbon released by fire, etc.) and carbon

hardware, software, and data integration. Other major
milestones include the development of new algorithms
describing tundra fires and tundra-treeline dynamics,
selection of conceptual approaches for representing
thermokarst dynamics at management-relevant spatial
scales, and continued field studies that provide insight
into carbon and vegetation dynamics in boreal fens and
collapse-scar bogs resulting from thermokarst formation.
IEM is focused on generating datasets that can
be directly applied to natural and cultural resource
management and planning. Plans for distributing IEM
output emphasize free and easy access. Moreover,
derivative products and the underlying source code
will be made available to the management and scientific
research community alike. General categories of data
products include maps depicting historical and future
climate; vegetation types, landcover and landscape
structure; disturbance types, frequencies and intensi-
ties; key ecosystem processes; soil properties; and

Table 1. Examples of anticipated products emerging from the Integrated Ecosystem Model.

0. |



permafrost distribution and dynamics (Table 1). The
IEM team will provide thorough documentation
describing the modeling process, along with practical,
user-friendly descriptions of model uncertainty.

Conclusions

Modeling that links climate to ecosystem processes
is certainly not the only means for parks and other
resource managers to connect climate change with real
world impacts. However, climate-driven ecological
process modeling such as the IEM effort has several
important strengths. In particular it allows us to consider

Alaska Park Science, Volume 12, Issue 2

turn, help us more effectively plan for climate change
and manage the resources these lands provide.
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ecosystem- and landscape-change scenarios outside
range of historical experience. Such approaches also give

Further information is available at:

us a tool for exploring complex feedbacks, interactions,

http://www.doi.gov/csc/alaska/

and threshold responses that may not be evident from

http://csc.alaska.edu/

field studies or other observations. Overall, linking
ALFRESCO, TEM, and GIPL will produce a more
realistic picture of future ecosystem conditions and, in
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Status and Trends of Alaska National Park Glaciers:
What Do They Tell Us About Climate Change?

Michael G. Loso, Anthony Arendt, Chris Larsen, Nate
Murphy, and Justin Rich

Introduction

Most visitors to Alaska’s National Parks are
by now familiar with the fact that the state’s many
glaciers are changing. Many glaciers are shrinking, and
“retreat” of the glacier terminus is usually the most
obvious manifestation of that change. But while some
glaciers (like the Yahtse Glacier in Wrangell-St. Elias
National Park and Preserve, Figure 2) have experienced
dramatic retreat over the last century or so, others
appear surprisingly stable. And a handful of glaciers
are actually advancing. Given this complexity, and the
importance of glacier changes for issues ranging from
road maintenance to global sea level, it may surprise
many visitors to find out that until recently, NPS lacked
the most basic tool for understanding these changes: a
comprehensive inventory of the glaciers in its parks.

Prior to the work we describe here, many of Alaska’s
glaciers had not been remapped since the US Geological
Survey made its original topographic maps in the 1950s

Figure 1. The terminus of Brady Glacier, a focus glacier in
Glacier Bay NP&P, has hardly moved in the last half-century.
Note the large shoal developing downstream of the
formerly tidewater margin, shown here in a 2006 oblique
aerial photo.

Photograph courtesy of Denny Capps
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and 1960s—maps that modern backcountry travelers still
use, but have learned to view with some skepticism when
navigating through glaciated terrain. Figure 2 provides

a striking example: according to the USGS topographic
map for western Icy Bay, the scientists on that rocky beach
should be under at least 175 meters of ice. That map,
based on 1957 aerial photography but still available to the
public, shows the Yahtse Glacier terminus over 5 miles

(8 km) downstream of its position in this 2011 photo.

The outdated glacier boundaries and surface eleva-
tions from old maps have challenged scientists, too: lack-
ing even the most basic information on the current extent
of glaciers, Alaskan geologists and ecologists had no basis
for inferring trends over time or the relationship of these
trends to climatic changes. Modern tools like satellite
imagery, laser altimetry, and high-accuracy differential
GPS have enabled some academic and NPS researchers to
accurately map modern glacier extents within the limited
scope of individual research projects, but this work was
initiated to address the outstanding need to comprehen-
sively and consistently document glacier extent through-
out the glaciated national park lands in Alaska (Figure 3).

Our project, which began in 2010 and is scheduled
for completion in December 2013, relies primarily on
existing data to assess glacier status and trends in three
ways: 1) map glacier extents for all glaciers, 2) assess
changes in glacier volume for a smaller subset of glaciers,
and 3) write interpretive summaries of glacier change for
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1-3“focus glaciers” per park. The scope of the project
is further summarized in Table 1; here, we present some
preliminary results and discuss their implications.

A New Map of Glacier Extents
There is one obvious reason why all the glaciers in
Alaska’s parks had not been remapped since the mid-20th
century. There are a lot of them. The precise number was
until recently not even known, but our new map (Figure 3)
includes 7012 distinct modern glaciers that are contained
wholly or at least partly within the boundaries of nine
Alaskan National Park units (Table 2). Those glaciers
cover about 16873 mi? (43,700 km?) of land, about half
of the approximately 33938 mi? (87,900 km?) of total ice
coverage (including glaciers outside of the National Parks)
in Alaska and neighboring Canada (Berthier et al. 2010).
As a glance at Figure 3 makes clear, the glaciers are
not evenly distributed among the parks. The glacier
heavyweight, by far, is Wrangell-St. Elias NPP. Nearly
half of the Alaska Park glaciers are in WRST (Figure 4),
but the ice coverage there is even more important when
measured by total ice coverage: WRST accounts for 67%
of all ice-covered area in the Alaska parks. Generally,
Glacier Bay, Denali, and Lake Clark are the next most
important parks in terms of glacier coverage, Katmai
and Kenai Fjords contribute slightly less, and glaciers of
Klondike Gold Rush, Aniakchak, and Gates of the Arctic
are relatively minor, though what Gates of the Arctic lacks
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Figure 2. University of Alaska
researchers Michael West and
Tim Bartholomaus prepare
seismometers for deployment
near the calving terminus

of Yahtse Glacier in 2011.
Modern visitors to this site

in Wrangell-St. Elias National
Park and Preserve shouldn’t
trust their maps. The USGS
topographic map for this site
was made in 1957, and shows
this rocky beach under at
least 175 meters of ice. The
Yahtse Glacier terminus was
over 5 miles (8 km) down-
stream of its present position
at that time, and was over 25
miles (40 km) downstream in
the late 1800s (Barclay et al.
2006).

in glacier area it makes up for partially in glacier number:
the park actually has 178 glaciers—they're just all small.

The numbers just presented are based entirely on
analysis of “/modern” (2003-2010) satellite imagery (mostly
Ikonos and Landsat). We often started with preliminary
outlines from other sources, but then laboriously edited
them manually, one mouse click at a time, on a computer
screen. Accuracy of the process thus depends not only on
judgment, but also on the resolution, cloud cover, time
of year, and even time of day for a given image. But over
time, satellites take many images, allowing us to select
only the best ones to work from. Cartographers that cre-
ated the USGS topographic maps upon which our“map
date” inventory was based (Table 2 and Figure 4) had no
such luxury, and were typically forced to judge glacier
boundaries and elevations from a single aerial photo.

An example from Aniakchak NM&P exemplifies the
challenge of comparing historic and modern datasets
(Figure 5). High-quality satellite imagery clearly depicts
crevassed glacier ice, a conclusion corroborated by

Alaska Volcano Observatory scientists who have worked
inside the caldera rim (Neal et al. 2001 and Figure 6). But
was that ice present in 1957, when aerial photos used to
make the topographic map were taken? Examining the

comparatively low-resolution aerial photo taken early
enough in the melt season to contain substantial remnant
seasonal snowcover, the USGS cartographer reasonably
enough decided no. But because the debris-mantled
glacier ice seen in the caldera today could not conceivably
have formed in just a few decades, we conclude that

the original map (and hence, the “map date” portion

of our inventory, which is an unedited digital archive

of glaciers on the original USGS maps) is wrong.

The trend of increasing glacier numbers (Figure 4)
may partly reflect the real subdivision of shrinking valley
glaciers into multiple smaller tributaries, but we judge
that trend mostly to phenomenon described above. The
7% decline in statewide glacier-covered area is probably a
more robust reflection of real changes in the half-decade
since most of the USGS maps were made (Figure 4).
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Itis, in fact, a conservative estimate, since the modern
figure includes the areas of many small glaciers that were
mapped for the first time in satellite imagery. Loss of
glacier cover is also a consistent trend, occurring to some
extent or another in every park but Aniakchak, where the
newly mapped caldera ice dominates the very small signal.

Zooming in on the Map
At the broad, statewide scale, there is a clear
scientific consensus that warming temperatures are the
primary factor driving the loss of glacier ice. But every
glacier is different, and behind this generalization are
many complications. We are using the focus glacier
component of this project (Figure 7) to tell the stories
of some of the diverse ways that glaciers respond not
only to climate, but also to the landscape around them.
Our focus glaciers include, for example, several
tidewater or recently-tidewater glaciers with highly
variable trends in extent. Yahtse Glacier is one. It was
discussed earlier for its dramatic retreat since 1957, but it
has recently been advancing. Meanwhile, the terminus
of Brady Glacier has been remarkably stable for the
last several decades while slowly building an outwash
plain (Figure 1). The fluctuations of these and other
Alaskan tidewater glaciers represent different stages
of the well-known tidewater glacier cycle—a process
that is only indirectly tied to climate (Post et al. 2006).
Brady Glacier also highlights the importance of
considering glacier thickness (and not just extent) when
looking at glacier change over time. The Brady’s stable ter-
minus hides an ongoing and substantial “deflation” of the
glacier surface that repeat laser altimetry measurements
reveal. Measurements from 1995-2000 document an
average annual loss of 0.12 mi? (0.5 km?) ice volume (Figure
8). Similar results from 2000 to 2010 are not shown. Our
final report will include comparable analyses for over 60
glaciers distributed through five of the Alaskan parks.
The Knife Creek Glacier, in Katmai NP&P, is a
focus glacier that illustrates another interesting wrinkle:
many of the glaciers in our study lie on or downwind of

o |
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Alaska’s abundant volcanoes. On June 6 and 8, 1912, the
world’s largest volcanic eruption of the 20th century
blanketed this glacier, and the surrounding landscape, in
a thick layer of volcanic ash. Subsequent caldera collapse
then added insult to injury, “beheading” the glacier by
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removing a substantial portion of its accumulation zone.
With repeat photography (Figure 9) and other analyses
we concur with earlier researchers (Muller and Coulter
1957) who concluded that the competing effects of these
two phenomena—ash deposition reducing melt rates
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Figure 3. Nine national park units in Alaska contain glaciers. They are shown here with recently completed mod-

ern (between 2003 and 2010) map outlines of the >7000 glaciers partly or wholly contained within those park unit
boundaries (blue polygons). At this scale, glacier outlines are barely visible in some places (e.g. Klondike Gold Rush),
while in others (e.g. Wrangell-St. Elias) the massive glaciers spill well outside the park boundaries. Park labels include
the following abbreviations: NP (National Park), NPP (National Park and Preserve), NHP (National Historic Park), and
NMP (National Monument and Preserve). These and parenthetic four-letter abbreviations for each park will be used
elsewhere in this article for brevity.

after removal of the glacier’s upper elevations reduced

accumulation—have combined to yield surprisingly little

change in the overall size of this embattled glacier.
Other focus glaciers will provide us an op-

portunity to consider the unique qualities of surging
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Figure 4. Numbers (above) and areal coverage (below) of
modern and historic glaciers partly or wholly contained
within nine national park units in Alaska.“Map Date”
glaciers are based on USGS topographic maps, mostly
dating to the 1950s and 1960s. “Modern” glaciers are based
on satellite imagery collected between 2003 and 2010. See
Figure 2 for park unit abbreviations.
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Table 1. Summary of the status
and trends project, including
project objectives, scope of
effort, data sources, and key
personnel.

Table 2. Numbers of glaciers, and
their summed areas (in km?), for
nine individual glaciated national
parks in Alaska.
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Project Objectives

Scope of Effort

Data Sources

Key Personnel

Extent Mapping

Map modern (2003-2010) and
historic (typically 1950s and
1960s) outlines of glaciers

All glaciers in all units, including
some park-adjacent glaciers
Map modern (2003-2010) and
historic (typically 1950s and
1960s) outlines of glaciers

Modern glaciers: satellite imagery
Historic glaciers: USGS
topographic maps

Arendt and Rich (UAF)

Volume Change

Determine glacier surface elevation
changes over recent decades
with repeat laser altimetry

Existing coverage only: zero
to <20 glaciers per park

Focus Glaciers

Summarize known history of glacier
change and landscape response
over all known timescales

1-3 glaciers per park

Aircraft-mounted laser point
data flown at quasi-decadal
intervals on select glaciers

Larsen and Murphy (UAF)

All available sources of data,
ranging from historic photographs
to modern research analyses

Loso (APU)

Park Unit

ANIA

DENA

GAAR

GLBA

KATM

KEFJ

KLGO

LACL

WRST

All

Number Number
(map date) (modern)
29 20
836 631
253 178
682 820
255 278
177 275
2 1
1501 1707
2843 3102
6578 7012

Number Area
(% change) (map date)

-31% 16
-25% 1,559.2
-30% 36.9
20% 22178

9% 410.7

55% 898.2
-50% 2.0
14% 1,141.1

9% 11,847.4

7% 18,114.9

Area Area
(modern) (% change)
18 16%
1,442.2 7%
208 -44%
1,974.5 -11%
3532 -14%
803.0 -11%
0.5 74%
1,005.3 -12%
11,276.6 5%
16,878.0 7%
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glaciers, small debris-covered cirque glaciers, a and human geography of the landscapes they inhabit. on somebody actually watching the canary. In our case,
massive icefield, ice and moraine-dammed lakes, and that means a regular, systematic, and comprehensive

a massive icefield (Figure 7). Our goal is neither to Conclusions program of glacier monitoring. With this project, NPS

be comprehensive nor representative, but rather to With respect to climate change, glaciers have been has taken a major step towards accomplishing that goal.
highlight the diversity of glacier types and behaviors, called “the canary in the coal mine!”The implication—that The final results of our work will be presented in

and to consider anecdotally the consequences of these by watching the glaciers we can more easily infer the more two products. A Natural Resource Technical Report
behaviors for the ecology, hydrology, geomorphology, subtle changes occurring in our climate system—depends will document data sources, methodology, and results;

450 meters|

Aniakchak NM&P

Alaska

40 120 meters|

Figure 5. Comparison of base imagery used for mapping glacier outlines in Aniakchak Caldera, in Aniakchak NM&P. The USGS Figure 6. Detail of the inner Aniakchak Caldera from a

topographic map for this region was based on a 1957 aerial photo shown at upper right. The cartographer saw (and mapped) September 9, 2011 photo by Game McGimsey of the Alaska
no glaciers. The modern Ikonos satellite image at upper left, and shown in greater detail at lower left, clearly reveals crevasses Volcano Observatory. The stream in center foreground is
that help distinguish a debris-covered glacier surface outlined in blue. emerging from debris-covered glacier ice.
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analyze those results; and discuss the implications of
those analyses. It will be accompanied by a permanent
electronic archive of geographic and statistical data and
is intended to serve a specialized audience interested in
working directly with the project’s datasets. An interpre-
tive report will be a non-technical document suitable
for glaciologists, park interpretation specialists, park

managers, and park visitors with no particular back-

ground in science or glaciology. The document will be
comprehensive and thorough, however, and is envisioned
as graphics and photo-intensive, content rich, and
accessibly written. Content will include a comprehensive
literature review, detailed summaries of the key findings
of the technical report, and the focus glaciers narratives.
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Figure 7. Eighteen T T T T T T T T
focus glaciers selected -
for a more detailed, 2
narrative-style descrip- 8 4
tion in the final Status Arrigetc
and Trends report.
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Figure 9. Repeat photographs of the Knife Creek Glacier showing it on 15 June 2011 (above) and 6 July 1953 (below). Photos taken from approximately 3700’ (1,100m) on the eastern summit of
Broken Mountain, Valley of Ten Thousand Smokes. Snow appears black in the older image. Photos: JT Thomas (upper) and E.H. Muller (lower).
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Assessing the Effects of Changing Climate on the Kahiltna Glacier
using Field, Airborne, and Satellite Observations

By Joanna Young and Dr. Anthony Arendt altitude of 20,013 ft (6,100 m), to just 886 ft (270 m) above Related Research
sea level at its terminus. This elevation range is thought to The National Park Service (NPS) initiated a measure-
The Kahiltna Glacier in Denali National Park and be the greatest of any glacier on Earth. Covering nearly ment program on the Kahiltna Glacier in 1991, working
Preserve (DNPP) (Figure 1) is best known to mountain 200 square miles (500 km?) with a centerline length of 44 with Lawrence Mayo (U.S. Geological Survey) and Dr.
climbers as a starting point when summiting Mt. miles (70 km), the Kahiltna Glacier is the largest glacier Keith Echelmeyer (University of Alaska Fairbanks).
McKinley, the highest peak in North America. Visitors within the park. Together, these two characteristics—a These researchers established a single long-term
on flightseeing tours are fascinated by its classic moraine large size and broad range of elevations—present monitoring site, where NPS glaciologists continue to
stripes and dramatic icefalls. To scientists, however, the challenges to field logistics and invite innovative make biannual measurements (Figure 2). Park scientists
Kahiltna Glacier represents a prime opportunity to exam- approaches to integrating data from other sources. also recently collaborated with University of Alaska
ine the effects of a warming climate on Alaska glaciers. Fairbanks glaciologists to examine glacier area change
In 1991, the National Park Service partnered with Motivation within DNPP, where they observed an overall pattern of
researchers to establish a monitoring program on the Glaciers throughout the world have been experienc- glacier retreat (Burrows et al. 2011). Our work leverages
Kahiltna Glacier which provided valuable long-term data, ing increasing rates of mass loss over the last several and expands on these studies, quantifying glacier-wide
albeit from a single location. To better represent the vast decades (AMAP 2010). Together, glaciers of Alaska and mass losses and examining multiple time periods.
extent of the glacier, we expanded observations during Canada are one of the largest contributors to changes Other studies have also provided information about
2010 and 2011, and supplemented with newly-available in Earth’s ocean volume, causing about 0.006 inches/ the flow dynamics of the Kahiltna Glacier. Researchers
airborne and satellite data that will allow us to monitor year (0.14 mm/year) of sea level rise (Gardner et al. 2013). at Alaska Pacific University have worked to constrain
regions of the glacier inaccessible by conventional field Understanding the hydrochemistry of melting glaciers the timing of re-emergence of human waste deposited
methods. The goal of our work is to determine the mass is important for several reasons. First, glaciers act as vast along the well-traveled West Buttress climbing route
balance—or mass change—of the Kahiltna Glacier freshwater reservoirs, prompting research into the timing on Mt. McKinley, and to evaluate potential effects
over the past several decades, comparing four of the and quantity of runoff that will occur as they continue to on downstream water quality (Goodwin et al. 2012).
leading mass balance methods used by glaciologists. lose volume in warming temperatures. Also, a catchment’s Near-surface radar has recently revealed different
concentration of dissolved minerals, organic compounds, thermal zones in the glacier, providing information
Study location and pollutants changes as meltwater patterns change, that can help constrain future mass change projections
The Alaska Range forms a sweeping topographic impacting water quality for downstream ecosystems as (Gusmeroli et al. 2013). Ground-penetrating radar
barrier to moist weather systems entering inland off the well as for human consumption and irrigation. Finally, studies have also been conducted, with the goal of
Gulf of Alaska; glaciers on the south side of the range from an outreach perspective, the rapid disappearance of locating an ice core site for reconstructing climate trends
receive more snowfall and grow significantly larger than glaciers has sparked interest in the broader community during the last few centuries (Campbell et al. 2012).
those on the north side. The Kahiltna Glacier flows affording scientists, resource managers, and interpreters Collaborations with these research groups have been
southward from the summit of Mt. McKinley, at an the opportunity to use data to engage in an active dialogue helpful for sharing data and logistics, and for broadly
with the public about climate and environmental change. exploring the changing face of the Kahiltna Glacier.
Figure 1.

?27



Assessing the Effects of Changing Climate on the Kahiltna Glacier using Field, Airborne, and Satellite Observati

151°20'0"W 1561°0'0"W

<
o
=)
T
o

N
©

Z
o
=
<
o
25 A
w A’ 4
s
& &
g, G >
.9 N AN
‘:' ‘_E - Sl ’
-Z V\"";~ N, 2
'O = B
o
) = 5
P S \ @ Weather station
© 0 5 1 @® Mass balance stakes
@® NPS long-term stake
Litalirslkm Snow probe sites

Figure 2. Locations of ground measurements carried out in
2010 and 2011 on the Kahiltna Glacier (catchment outlined
in blue). Mass balance stake locations are shown in green,
the long-term National Park Service site is in blue, snow
depth measurements are in orange, and the site of our auto-
mated weather stations is in red.
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Figure 3. Installation of a mass balance stake.

Methods for estimating mass balance

Glaciers are defined by two main characteristics.
First, they are composed of snow that persists for longer
than one year. As the snow accumulates year after year,
it compresses under overlying snow to eventually form
glacier ice. This accumulation process is the primary
means by which mass is added to a glacier. Second,
glaciers flow downhill, giving rise to the description
of glaciers as “rivers of ice!” As it is transported from
high mountains to lower elevations, the ice encounters
warmer air temperatures and experiences summer
melt. This surface melting—or ablation—is the main
process by which a land-terminating glacier like
the Kahiltna loses mass. Altogether, a glacier’s mass

change or mass balance is defined as the difference
between annual accumulation and ablation.
Traditionally, glaciologists have measured mass
change through simple methods. Mass balance stakes
are installed vertically into the ice at the beginning of
summer and visited later to measure surface lowering
(Figure 3). Accumulation is measured by digging snow
pits and sampling snow density, yielding the total
water content of the snowpack. This is the method
used by NPS glaciologists on the Kahiltna Glacier.
The four methods below describe how scientists use
melt models, airborne data, and satellite technologies
to estimate mass changes for the entire glacier.
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1. Melt modeling
Melt modeling is a computational approach that

relies on field observations of air temperature for

input, and accumulation and ablation at mass balance

stakes for calibration. Several field campaigns were

carried out on the Kahiltna Glacier in 2010 and 2011.

We installed 11 stakes and five temperature sensors at

different elevations, and two weather stations to monitor

local conditions (Figure 4). The winter snowpack was

characterized by snow depth and density measurements,

supplemented with data from nearby weather stations.
We then use a melt model (Hock 1999) to derive

a relationship between air temperature and melt.

The model determines mass balance at every point

on the glacier, based on elevation gradients of air

Figure 4.

temperature, melt, and snowfall. We use our 2010 and
2011 ground measurements for input and calibration,
and apply the model retroactively for 20 years using a
past climate data product and the NPS mass balance
record. We calculate an average balance of -5.97

+/- 3.77 feet water equivalent per year (ft we/yr) (-1.82
+/- 1.15 m we/yr) for the period 1992-2011 (Figure 5).

2. DEM differencing

In this method, multiple digital elevation models (i.e.
DEMs, or maps of elevations at every point on the glacier)
from different time periods are compared to determine
how the glacier surface has evolved. For the Kahiltna

Glacier, we start with a DEM derived from U.S. Geologi-
cal Survey maps based on aerial photographs from about
1950, and compare this to a 2011 DEM based on airborne
radar observations (http://www.gina.alaska.edu/).

The resulting difference map shows the glacier
surface changes that occurred between the early 1950s
and 2011 (Figure 5). The map reveals thinning over
92% of the area for which data is available (note: the
northernmost region has limited satellite imagery).

Averaged over the full glacier, we obtain an annual mass
change of -1.51 +/- 0.46 ft we/yr (-0.46 +/- 0.14 m we/yr).

3. Laser altimetry
Glacier surface height changes can also be measured

via repeat airborne laser altimetry, a technique carried
out by University of Alaska Fairbanks glaciologists since
1993 (Johnson et al. 2013). Mounted in a small airplane,
the system is composed of a high-accuracy Global
Positioning System (GPS) receiver, a laser rangefinder,
and a gyroscope. The GPS records the position of the
plane as it flies down a glacier centerline, the laser
continuously measures the distance between the plane
and the ice surface, and the gyroscope measures the
laser’s pointing direction. From these, centerline surface
elevation profiles are created. Repeating the flights every
few years allows scientists to compare profiles over time,
and to extrapolate the changes to the entire glacier.

Alaska Park Science, Volume 12, Issue 2

Figure 6 (see 1994-2010 graphic) shows surface
height differences determined between 1994 and 2010.
We find significant thinning at all elevations measured
(note: the highest elevations were not sampled).

Averaged over the entire surface, the annual balance
is -2.46 +/- 0.33 ft we/yr (-0.75 +/- 0.10 m we/yr).
Estimates have also been generated for different time
periods: from the 1950s to 1994, by comparison to the
1950s DEM described earlier, we find -1.51 +/- 0.36 ft
we/yr (-0.46 +/- 0.11 m we/yr), and for 2008-2010, we
find -3.25 +/- 1.51 ft we/yr (-0.99 +/- 0.46 m we/yr).

dh (m we/yr)

1950 - 2011 1994 - 2010

Figures 5 and 6. Digital elevation model (DEM) difference
map showing surface height changes on the Kahiltna Gla-
cier between the early 1950s and 2011. The 1950s DEM was
generated using aerial photographs, and the 2011 DEM
was based on airborne radar observations (note: the upper
region lacks data due to limited satellite imagery). Map
units are in meters of water equivalent per year.
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4. GRACE gravimetry

Glacier mass balance can also be estimated using data
from the National Aeronautics and Space Administration
(NASA) Gravity Recovery and Climate Experiment
(GRACE). These twin satellites orbit one behind the
other, equipped with a high-precision ranging system

that detects miniscule changes in the distance between
them. As the first satellite passes over a denser land
mass, it is pulled slightly ahead. Scientists use these
changes in distance to construct monthly maps of the
Earth’s gravity field, which are then separated into
groundwater movement, atmospheric changes, and
glacier mass changes. Zooming into one ice-covered
region, like DNPP, scientists can construct a time series
of mass changes that have occurred therein (Figure 7).
Scaling these results to the Kahiltna Glacier, we
calculate an average mass balance between 2003-2010
of -1.18 +/- 0.36 feet we/yr (-0.36 +/-0.11 m we/yr ).

Discussion

Mass losses are revealed by each of four techniques
for every observation period from the 1950s to today.
(Figure 8). We see strong agreement between early laser
altimetry estimates and DEM differencing. We also see
evidence for melt acceleration towards the late 1990s/
early 2000s, agreeing with other findings as it occurred
concurrently with a 1.4F (0.80C) increase in average
summer temperatures recorded near DNPP (Arendt et
al. 2009). We find, however, that the preliminary melt
model estimate seems to overestimate mass losses and
has greater error than the other techniques. This is likely
due to the sparse ground data available, and attests to the
challenges of obtaining sufficient field measurements
for a large, remote glacier. Further analyses may help
refine this estimate and associated error. Ultimately, our
study confirms the importance of comparing multiple
techniques to constrain mass changes, and points to
airborne- and satellite-based methods for obtaining
data for previously inaccessible glacier regions.
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Figure 7. Time series of glacier
mass change observed by
GRACE satellites for Denali
National Park since 2003. Mass
change in gigatons (Gt) is
expressed relative to the first
date of observations. End-of-
winter maxima, after snow
accumulation, are indicated

in dark blue; end-of-summer
minima, after summer melt, are
shown in red. The annual mass
balance for the region is taken
as the difference between sub-
sequent minima, and this value
is then scaled to the Kahiltna
Glacier alone.

Figure 8. Mass losses are
revealed by each of four tech-
niques for every observation
period from the 1950s to today.
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Conclusions

Our study finds that the Kahiltna Glacier, the largest
river of ice in Denali National Park and Preserve, is
losing mass and becoming thinner. Scientists agree
that the mass losses seen in glaciers of Alaska and the
world are a result of increasing air temperatures over
the past several decades. These losses are, at the local
scale, affecting downstream freshwater supply; at the
broader scale, they contribute to sea level rise. Despite
being fed by significant snowfall from the highest peak
in North America, the Kahiltna Glacier has been losing
mass in warming temperatures, leading to gradual but
visible changes in the Denali National Park landscape.

Alaska Park Science, Volume 12, Issue 2
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Tracking Glacial Landscapes: High School Science Gets Real

By Cathy L. Connor, Clay Good, Riley Woodford, and
Michael L. Hekkers

Introduction

The Gulf of Alaska'’s rugged Pacific seacoast is
characterized by extreme topographic relief that has
been sculpted by glacier erosion in a rapidly uplifting
landscape. Along this tectonically deforming plate margin,
Alaska’s changing climate, powered by solar energy, drives
the intense geochemical and mechanical weathering
that disintegrates the rapidly uplifting bedrock. Deep
geothermally-driven crustal dynamics along the Juan de
Fuca spreading ridge far to the south ultimately results
in extreme deformation along the shorelines of Glacier
Bay National Park and Preserve. Over geologic timescales
these tectonic forces deliver fresh rock to the surface,
where it has been elevated into extreme topography like
the 15,325'(4,671 m) Mt. Fairweather located only 12 mi
(20 km) from the sea. Training young Alaskans to observe
as well as to understand how these earth processes have
left their record in local landscapes, can inspire lifelong
learning interests in the sciences (Whitmeyer et al. 2009).

For four summers, between 2008 and 2011, the Alaska
Summer Research Academy (ASRA) at University Alaska

Figure 1. University of Alaska faculty, science educators, and
high school students from around Alaska came together

in the Alaska Summer Research Academy at Glacier Bay
National Park and Preserve.

Photo courtesy of Diana Rapper.

Figure 2. (Map) Locations in Glacier Bay National Park in
northern southeast Alaska.
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Fairbanks and the Design Discover Research (DDR) pro-
gram at University Alaska Southeast provided authentic
field experiences in Glacier Bay National Park in northern
Southeast Alaska for homegrown high school students.

Getting students to the landscapes -- Logistics

Glacier Bay National Park and Preserve lies on
the mainland of the generally roadless Alexander
Archipelago that is northern southeast Alaska. Inter-
island and island-to-mainland access is made possible
by the Alaska Marine Highway System (AMHS) ferries,
private marine vessels, and small planes. Prior to 2011,
access to this park from the state capital in Juneau only
80 miles away, was limited to expensive private boats,
airplanes, or a challenging and time consuming kayak
crossing of the wide fjords of Lynn Canal or Icy Strait.

Beginning in 2008, University of Alaska faculty
teamed with science educators linked through a grant
to the Juneau Economic Development Council’s
Springboard Program to create unique field science
opportunities in Glacier Bay National Park for
Alaska High school students (Connor et al. 2011).
Initially the 60 ft (18 m) MV Glacier Seal served as our
research vessel and floating field camp, transporting
students from Juneau into Glacier Bay and back.

With the initiation of AMHS ferry service from
Juneau to Gustavus in 2011, students brought bicycles
onto the ferry and pedaled and hiked around on the
large glacier outwash plain of Gustavus, just south of the
National Park. They also traveled north over the Little
Ice Age terminal moraine to GBNP headquarters in
Bartlett Cove and accessed the upper bay by sea kayaks

and tour boat shuttles. Students visited the bay’s active
tidewater glaciers in the Reid Inlet, Johns Hopkins
Fjord, and the Tarr Inlet area of the West Arm of the
bay as well as the deglaciated landscapes of Muir and
Adams Inlet on the eastern side of the park (Figure 2).
Over the 4 years of these summer science field
experiences our Alaskan students hailed from all over
the state including Kotzebue, Chuathbaluk, Fairbanks,
Seward, Soldotna, Palmer, Wasilla, Anchorage,
Petersburg, and Juneau. A few out-of-state students
travelled to Alaska from Massachusetts, Minnesota,
lllinois, Colorado, Texas, and California to participate.

Landscape Change

The authors served as a multi-disciplinary cadre
of instructors who provided academic content, field
support, and onsite mentoring for the students each
summer to unpack the complicated glacial story of this
national park. The National Park Service provided us
with an excellent naturalist who accompanied us and
provided local insight. The students were introduced
to the scientific disciplines of glaciology, glacial geol-
ogy, plate tectonics, plant succession, wildlife biology,
ornithology, and disturbance ecology as well as the social
sciences, specifically anthropology and its subdiscipline
of ethnohistory. During onboard seminars and on-the-
ground immersion into the park’s landscapes, students
deployed marine instruments, surveyed plant and animal
populations, and assessed the stratigraphic record. The
faculty helped them assemble and interpret the key bits
of information that they collected from each disciplinary
area into a composite view of this region and to under-
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Figure 3. Gathering Ice for Ship refrigeration

stand the longer time scale natural history of a changing
landscape through cycles of glacier advance and calving
retreat. The climatic impacts to the lives of sixteenth
century HUNA Tlingit teenagers, who were forced by
rapidly advancing glaciers to flee their homeland and to
seek refuge across Icy Strait in Hoonah, were recanted to
our 21st century teenagers through readings of published
oral histories (Dauenhauer and Dauenhauer 1987).

Glacier Bay -- The HUNA Tlingit Homeland

The indigenous people of northern southeast
Alaska, the HUNA Tlingit, named their Glacier Bay
Area homeland S'é Shuyee, “area at the end of the
glacial silt” (HIA 2007). They identified their homeland
as glacio-fluvial in nature, down to the grain size of
the sediment. One of their important village sites was
called Leiwshaa Shakee Ann, “town on top of the sand
mountain (dune)”and it existed between Point Gustavus
and the Bear Track Mountains (HIA 2006), an area now
inundated by the sea (Connor et al. 2009, Figure 6).

This very large terrestrial glacier outwash plain or
glacier forefield was the existing landscape during this
Neoglacial through Little Ice Age (LIA) period (5,000
years ago to ~1740 AD) of their residence time. The tall

Figure 4. In Tidal Inlet on the Glacier Seal—learning about
landslide geomorphology

dunes or moraines could have provided leeward-side
protection from the northerly katabatic winds blowing
off the glacier, said to be far up the valley (Susie James in:
Dauenauer and Dauenauer 1987). On the west side of the
valley, in the present Berg Bay, the Chookanheeni clan
members describe a meadow-lined river with clan houses
of upstream and downstream family groups (Lily White
personal communication with Wayne Howell NPS 2003).

Between 1724-1794, the up-valley glacier ice had
advanced to the south over all of the Tlingit habitations
in the lower-valley, and their surrounding outwash
plain forests. This forced a mass human evacuation to
Hoonah (Glacier Bay Story Susie James, in Dauenhauer
and Dauenhauer 1987) across Icy Strait. The ice advance
also erased the physical archeological record in the
lower bay region, leaving oral histories an important
source of data for landscape reconstruction (Figure 7).

By the time of arrival of the English explorer George
Vancouver in 1794 with his cartographers, naturalists
and scientists, the glacier, which had earlier extended
beyond the present bay entrance, had begun a calv-
ing retreat. Master of the HMS Discovery, Joseph
Whidbey, recounted grappling with a mass of ice bergs
in Icy Strait and near the then glacier terminus at the
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Figure 5. Learning navigation and mariner skills as part of
the field science experience.

newly exhumed Bartlett Cove, present site of Park
Headquarter (Lamb 1984). When John Muir arrived
85 years later in 1879, the ice terminus positions had
retreated to Tlingit Point (~24 mi (38km) NW of Bartlett
Cove), and the glacier had retreated and separated
into its tributary branches spanning the West Arm and
Muir Inlet, opening up lower central Glacier Bay to
marine waters (Burroughs and Muir 1899, Figure 8).

Since that time, the once coalesced ice mass has retreat
60 mi (100 km) up the bay, subdividing into even more
glacier tributaries (Molnia 2006). The post-LIA landscape
has uplifted 20’ (6 m) over the past ~200 years relative to
sea level, with some sites pulsing upward at rates of 10"
(25 cm)/yr (Larsen et al. 2005). Gustavus resident, Morgan
DeBoer owns land north of the ferry dock, settled by his
family 50 years ago when it was flooded by daily tides.
Since then, his emergent nine hole golf course has the 21st
century potential for further expansion with continued
uplift of the shoreline along Icy Strait (Figure 9).

Observing Landscape Change over Century
Timescales

The Little Ice Age terminal moraine separates Park
Headquarters in Bartlett Cove from the broad outwash

s ________________________________________________________________________________________________________________________________________________|
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Figure 6. (Left) Tlingit LIA Remem-
bered Landscape—Now repre-
sented by the glacially dissected
Beardslee Formation.

Lake,river,sea A. Area at the end of the Glacial
Silt, B. Little Black Glacier, C. Grassy
River, D. Tributary to Grassy river,
E. Sockeye Salmon River, F. Big

Bedrock margin
9 Sockeye Salmon River, G. Among

Forest
the Little Lakes, H. Sand Mountain,
Thicket,wetland I. Black Cliff, J. Town on Top of the
Glacial Sand Dunes, K. Clay Point
Dune (Connor et al. 2009).

Figure 7. (Right) A. Deflection of
LIA Terminus in Bartlett Cove, B.
Endicott Gap and Glacial Lake
Outflow into Lynn Canal, C. Ice
marginal lake Bear Track, D. LIA
Gustavus glacial outwash fan
complex, E. Glacial outwash in the
Dundas Basin, F. Terminal Position
LIA Glacier Advance into Icy Strait
(Connor et al. 2009).

Glacier Landscape Change
Paleoecology and Glacial
Geology

Students visit sites of Scoured Bedrock,
Morainal Features, & Glacier Outwash Plains
\ Beach surveys over uplifting '4C-dated

LIA stumps

Tree cores extracted from forests on
uplift surfaces (tree ring dating)

Stratigraphy of glacial lake sediments
& moraines (Adams Inlet)-plant succession

Silurian limestone sites : tropical marine gastropod
& pelecypod fossils-Willoughby Island and Gloomy Knob

Figure 8. Bathymetric map of lower Glacier Bay shows dis- Figure 9. Uplifting tidal flats along the Gustavus foreland. Figure 10. Student data-collection types for access to under-
sected Little Ice Age outwash plain and former HUNA Tlingit View is to the west along Icy Strait with Lemesuier Island standing of active landscape change.
homeland now represented by the Beardslee Formation. and the entrance to Glacier Bay.

From MODIS image 2004.
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plain that underlies Gustavus and its airport. Hikes along
Dude Creek (Figure 17), the Good and Salmon Rivers,

and Glen’s Ditch Road and the Nature Conservancy’s
Nagoonberry Trail east of the airport, en